I. INTRODUCTION
The (110)-surface of rutile is one of the most important metal-oxide surfaces and has been subject of a large number of theoretical and experimental work in the last decades. [1] [2] [3] [4] Numerous applications ranging from thin film capacitors to optical devices are based on the exceptional dielectric properties of this oxidic-surface. 4, 5 The clean surface acts as a photocatalyst when exposed to UV-light. As the intensity of solar radiation on earth is maximal for visible light it is important to modify the frequency range of the photocatalytic response, which is possible by doping with transition metal atoms 6 and transition metal adatoms, 7 respectively. The use of adatoms is favorable as the 'spatial separation' of the excited holes and electrons improves the photocatalytic response.
7 Adatoms modify the electronic structure, reduce the electronic gap and thus optimize the TiO 2 surface for the use in gas sensors 8 and solar cells. 9 In this context the Fe-rutile composite is important as it can be used for ammonia synthesis. 10 In addition, the use of magnetic transition metal atoms such as Fe integrates the spin degree of freedom into the system, which allows for new functionalities. For instance, the Fe/TiO 2 system has been discussed in the context of diluted magnetic semiconductors 11 and a magneto-electrical coupling has been detected in Fe-TiO 2 systems experimentally.
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General trends of low-temperature growth of (transition) metal atoms on the rutile surface are reviewed from an experimental point of view in Refs. 1 and 13 and references therein. The growth mode of different metal atoms has been classified into two different modes. On the one hand, group I and II metal atoms as well as transition metal atoms with a small number of valence electrons up to Cr interact strongly with the TiO 2 surface. Due to the large oxidability of these elements, charge from these adatoms is transferred to Ti at the surface. As a consequence, stable metal-surface bonds form which lead * anna@thp.uni-due.de to rather flat metallic overlayers. Also, the formation of ternary compounds is likely. On the other hand, if the oxidability of the metal atom is weak, e.g., for Cu or Zn, no charge is transferred to the surface and the metalsubstrate interaction is weak. For this reason, no flat metal films can be stabilized on the rutile surface.
The Fe-TiO 2 interaction is on the edge between these growth modes and the energy of formation of Fe-TiO 2 composite systems is in the same range as the Fe-Fe interaction and the formation of Fe clusters.
14 Indeed, different growth modes of Fe on TiO 2 have been observed experimentally, depending on the preparation technique used and growth parameters such as temperature and Fe flux. The formation of flat Fe overlayers has been observed at low temperatures. 1, 14, 15 In contrast, three-dimensional growth and Stranski-Krastanov growth (three-dimensional growth after the first layer has been formed) have been reported. 15, 16 Therefore, a more profound understanding of the FeTiO 2 interaction, which can be obtained from ab initio simulations, is important in order to optimize the atomic and electronic interface structure. Although, the influences of temperature and growth kinetics are important, simulations at T = 0 K are capable to describe the basic mechanisms of the interface formation. So far, systematic theoretical studies on the adsorption of nonmagnetic metals such as Mo, 17 Pd, 18 Rh, 18 and single Cu, Ag and Au atoms exist. 19 However, with respect to iron, only the adsorption of single Fe atoms on two different surface positions ( which are energetically most favorable for adsorption of Mo and V) is discussed in Ref. 20 . It has been predicted in that work that single Fe atoms can bind to atoms in different surface positions as long as three O neighbors (distance < 3Å) and an additional Ti bond towards the metallic adatom exist simultaneously. The adsorption of Fe-O molecules has been discussed in Ref. 7 . It has been highlighted that different adsorption sites are thermodynamically stable and that the photocatalytic response is enhanced as the band gap is reduced by 0.3 eV because of Fe states near the valence band maximum. In the present work, a more detailed study on the adsorparXiv:1304.0570v1 [cond-mat.mtrl-sci] 2 Apr 2013 tion of single Fe atoms and a bundle of Fe atoms will be presented. The latter setup is essential in order to model the growth mode at higher Fe flux or after the deposition of the first atoms. We therefore present a first investigation of an increasing Fe coverage and of the adsorption of small Fe clusters on the TiO 2 surface in order to fill this gap. It is shown that the Fe-Fe interaction reduces the surface wetting for an increasing number of Fe atoms deposited at the same time. In addition, the adsorption of the first Fe atoms is crucial for the further growth process and the interface symmetry. Thus, our results can be used to discuss many facets of experimental results. Furthermore, to our knowledge the magnetic properties of the rutile surface with adsorped Fe have not been discussed on a first-principles level so far. We show that the magnetic moments of Fe are stable at the interface. In addition, finite magnetic moments are induced at Ti and O atoms in the interface via localized hybrid states. Our results suggest a similar magneto-electrical coupling as, e.g., discussed for Fe-BaTiO 3 interfaces in Ref. 21 .
The paper is organized as follows. In Section II we present the computational methods used in this work which is followed by a discussion of the atomic and electronic structure of pure rutile and its (110)-surface in Section III. The adsorption processes of single Fe atoms, which corresponds to the experimental setup of lowtemperature adsorption at low Fe pressure, is discussed in Section IV. In Section V, the influence of the Fe-Fe interaction on atomic and electronic structure of the FeTiO 2 interface will be discussed for larger Fe coverage and for attached clusters. The magnetic properties of the material are discussed in Section VI. Summary and conclusion can be found in Section VII.
II. COMPUTATIONAL DETAILS
The plane wave pseudopotential code VASP 22 has been used for self-consistent electronic structure calculations using projector augmented wave potentials 23 and the generalized gradient approximation of Perdew, Burke, and Ernzerhof 24 . It is a well known fact that the band gap of oxidic materials is underestimated by this approach. Partly, this failure can be attributed to the underestimation of the correlation between electrons in localized d-states, an error which can be corrected by the GGA+U approach. For oxygen deficient TiO 2 , an onsite interaction of U = 5.5 ± 0.5 eV has been determined on an ab initio level. 25 Choosing U = 5 eV (J = 0 eV) the influence on the atomic and electronic structure is tested by applying the GGA+U approach in the formulation of Dudarev. 26 An energy cutoff of 500 eV and an energy convergency of 10 −7 eV guarantee highly accurate results. In addition, the relaxation of the ions was carried out until the forces were converged to 0.01Å/eV. The k-mesh has been constructed with the MonkhorstPack scheme 27 and the number of points used has been adjusted to the system size, e.g.,17×17×17 k-points have been used for bulk rutile whereas the mesh has been reduced to 4×4×1 for the investigation of Fe atom adsorption on the rutile surface. A Gaussian-smearing of the electronic states of 0.1 and 0.05 eV has been used during the optimization of the atomic structure and for the determination of the electronic structure, respectively. Local magnetic moments were obtained by projecting the wave functions onto spherical harmonics within spheres of 1.32Å, 0.82Å, and 1.30Å for Ti, O, and Fe atoms, respectively.
In order to reduce the computational effort, a minimal number of electrons has been treated as valence including the Ti 3d 4 s 2 -, O 2s 2 p 4 -, and Fe 4d 7 4s 1 -states. Although, the missing p electrons in the Ti valence base may lead to small errors, 28 the main atomic relaxation as well as the most important features of the electronic structure and the polar character of TiO 2 are well accounted for by this approach. 5, 7, 28, 29 At least 10Å of vacuum was used to prevent interactions between the periodically repeated slabs in case of free and Fe covered surfaces.
III. FEATURES OF RUTILE
The rutile morphology of TiO 2 possesses P4 2 /mnm symmetry. Beside lattice constant and c/a-ratio of the tetragonal distortion, the internal parameter u determines the Ti-O distances. Each Ti atom is octahedrally surrounded by O atoms with four nearest equatorial neighbors (Ti-O eq ) and two next-nearest apical neighbors (Ti-O ap ), see Fig. 1 . The material properties obtained with the computational tools used here are in sufficient agreement with previous experimental and theoretical work, see Tab. I. The atomic volume is slightly overestimated because of GGA potentials and the well known underestimation of the electronic gap is present. The description of the gap can be improved by the introduction of a Hubbard term for the Ti d-states, but simultaneously the description of the structural properties worsens. The Ti-O bonds in the pure oxide are mainly ionic but the TABLE I. Lattice constants a, c, and internal parameter u, distances of the equatorial (TiOeq) and apical (TiOap) Ti-O neighbors inÅ (cf. Fig. 1 ), and static charge per atom Q. We note that the static charge is not a well defined quantity and thus different experimental and theoretical approaches yield quantitative different results. The valence band maximum consists of O p-states, which are oriented within the (100)/(010) plane, while a significant occupation of Ti d-states with e g -character appears in the rest of the valence band. The conduction band is composed of Ti d-states which possess mainly t 2g -character at the band minimum. If a Hubbard U -term is applied, the conduction band minimum is shifted to higher energies and the hybrid peak which consists of O s-Ti d-states, is slightly shifted to lower energies. However, no qualitative modification of the atomic and electronic structure has been observed if a U correction is imposed.
In the following, the properties of the TiO 2 (110)-surface, which are essential for the adsorption process, will be summarized. We refer to Refs. 29, 34, 37, and 38 for further details of the atomic and electronic structure of this specific surface. The (110)-surface is the energetically most favorable low index surface as it is charge neutral and the coordination of the surface atoms is close to the bulk values. Within each surface unit, only one Ti and one O atom are undercoordinated as rows along the [001]-direction of 5-fold and 6-fold coordinated Ti atoms alternate (Ti 5c /Ti 6c ), see Fig. 2 . In the remainder of the paper the nomenclature Ti 5c /Ti 6c will be used for the Ti atoms in the surface layer 1 and the corresponding atoms in the layers below. Charged TiO The underlaying mechanism for these modifications of the Ti-O bonds along the surface normal is the reduced coordination of O b and Ti 5c atoms in the surface layer. For these atoms, the energy difference between Ti d-and O p-orbitals, which are aligned along the surface normal, is reduced, the hybridization and the bond strength in- crease resulting in reduced Ti-O distances. 29, 37, 39 This modification of the bonds is accompanied by a charge transfer along the surface normal, see Tab. II. For example, the charge of the topmost O b atom is reduced by 14% (17%) within our Bader analyis (the Mulliken analysis in Ref. 34) , while the charge of the Ti atoms in the first layer increases by 2% (4%). This means that local dipole moments develop along the surface normal. Since an overall dipole moment along the surface normal would destabilize the surface, a stability saving opposite charge transfer takes place for the Ti-O bonds below, which results in reduced Ti-O hybridization and enlarged Ti-O distances for the corresponding Ti-O bonds. Due to the large polarizability of TiO 2 , the atomic surface relaxations discussed here extend several ML into the surface and are thus truncated for thin films, and hence induce finite-size effects in the electronic structure. These finite size effects open up the possibility of "fine-tuning" of the electronic structure of the TiO 2 surface by using ultrathin films. In order to separate the general trends of the Fe-TiO 2 interface from the thickness dependent modulations, a detailed discussion of the influence of film thickness on the atomic and electronic structure is necessary. The atomic relaxations of ultrathin TiO 2 films depend on whether the films possess a center of inversion (odd number of layers) or not (even number of layers). In the first case, the amplitude of the discussed oscillation of the interlayer distances shrinks with increasing film thickness, while it increases for an even number of layers. In order to reduce the influence of the parity of the number of layers, it is convenient to fix the ionic positions at the bottom. Here, we restrict ourselves to the discussion of an odd number of layers and present a systematic comparison of completely relaxed films and films with fixed bottom layers. The Ti-O b distances which we obtained for different film thicknesses are listed in Tab. III. For both, free films and fixed bottom layers, all Ti-O p distances as well as the Ti-O b distances within the surface are sufficiently converged with respect to the thickness for 3 ML. Similarly, the charge state of the topmost O b is nearly independent of the film thickness, see Table II . For free films, the convergency of the atomic charges with respect to the film thickness is much slower. In this case more than 5 ML are required in order to obtain converged charge distributions. Although, the overall ionic character of the Ti-O bonds is enlarged by a U term, the spatial distribution of the charge and its convergency with respect to the number of layers is practically not modified when U is taken into account.
As the topmost Ti-O bonds are most important for the adsorption processes, qualitative results can already be expected for ultrathin film of 3 ML thickness. However, the Ti-O distances along the surface normal in the center of the film show considerable deviations between films of 3 and 9 ML thickness. As a consequence, the electrostatic potential of the central Ti 5c atom is modified for the free film which results in a considerable reduction of the band gap within the whole film, as Ti 5c states below the conduction band edge are induced, 18,37 see Fig. 3 . Although, the gap opens up with the number of layers, it is still underestimated for 7 ML.
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If the symmetry of the film is broken by fixing the bottom atoms, no such overall reduction of the bandgap appears. But, artificial surface states are induced for the fixed atoms. Most notably, a Ti 5c -state below the conduction band minimum appears in the fixed layer which has mainly d x 2 −y 2 -character and hybridizes with the Ti 5c atom above. Furthermore, a Ti-O hybrid peak appears at the valence band maximum. The energetically highest occupied states within this peak are p-states of the fixed O b atom. The overall gap is therefore smaller than for free films. However, the surface states decay rapidly with the distance towards the fixed surface and the convergency of the electronic structure in the free surface with respect to the film thickness is considerably improved. Only for ultrathin films of 3 ML thickness, hybridization between these artificial surface states and the states of the central layer appears, see Fig. 3 (c) . Thus, small deviations in the Fe adsorption process between thick films and a film of 3 ML thickness are possible. Qualitatively, the discussed modification of the electronic structure with the number of layers is not modified if a Hubbard term is imposed on the Ti d-states.
In summary, we could show that the atomic arrangement and the charge distribution within the uppermost free layer have practically converged for a film of 3 ML thickness which is therefore sufficient for the study of basic adsorption mechanisms. In addition, the convergence of atomic and electronic structures can be improved as the bottom layers are fixed.
IV. ADSORPTION OF A SUB-MONOLAYER OF IRON
In this section we describe the modeling of the adsorption process of Fe atoms at low-temperatures and low images, a supercell of (2 × 3) surface units is used which ensures a distance of 13.2Å (8. is reduced by 0.14 |e| per atom at the clean rutile surface. As a consequence, the electronegativity of these O b atoms is enhanced. This promotes the formation of ionic Fe-O b bonds accompanied by charge transfer to the film. Adsorption of Fe atoms next to O b is therefore most favorable whereas position 7 is least favorable, since all Fe-O distances are larger than 3Å which prevents the formation of strong bonds. In the film, the injected charge spreads towards neighboring Ti atoms, see Tab. IV. In agreement, a reduction of the formal Ti 4+ state to Ti
3+
has been observed experimentally. For sites 1 and 3 the Fe state I hybridizes with neighboring Ti 6c and Ti 5c atoms, respectively and a state is induced below the conduction band edge. This state can be assigned to a Ti 3+ surface state as obtained in experimental 40 and theoretical 25 investigations of the reduced rutile surface, see Fig. 6 (c) . For Fe on adsorption site 2, the charge transfer towards Ti is much smaller and no Ti defect state forms which could hybridize with the Fe state. The differences in the Ti-Fe interaction and the corresponding charge transfer can be traced back to the atomic arrangement. For sites 1 and 3 the neighboring O b and O p atoms mediate an indirect coupling between Ti and Fe and promote a large charge transfer. In contrast, Fe is positioned directly above Ti 6c at site 2, which enforces a direct Fe-Ti interaction without O mediated interaction. Such Fe-Ti interaction seems to be unfavorable and the charge transfer to the surface Ti atom is hindered. Analogously, no direct Fe-Ti 5c interaction appears if the Fe atom is positioned above Ti 5c (site 7). A second MIG (state II) is visible at the valence band edge for all three adsorption sites, which is mainly of O p-type and localized at the O b neighbors, see Fig. 5 . Thus the state observed experimentally in the same energy window in photoemission spectra 40 is most likely an Fe-O hybrid peak. With increasing adsorption energy, the energy of this Fe-Ti 3+ state increases and approaches the valence band edge for the less favorable positions. Thus, the reduction of the band gap depends on the strength of the interface bonds. In summary, the interpretation of experimental results in Ref. 40 that Fe bond charges transfer via an O-mediated charge transfer to interface Ti atoms, could be confirmed. For all adsorption sites, approximately 60% of the injected Fe charge is transferred to its neighboring atoms. In addition, free carriers occupy the lowest Ti states throughout the TiO 2 film and the valence states are shifted to lower energies, see Fig. 6 . This charge spillout is a common failure of standard density functional theory potentials as the underestimated band gap enforces a wrong alignment of the Fermi energy at the metalinsulator interface. 41 Besides, no major deviations of the upper valence states are enforced in comparison to the free surface, see Fig. 5 . Particularly, the gap below these spurious free carriers is conserved and the free and bound charges are well separated, e.g., at ∼ −0.4 eV for site 1, see Fig. 6 .
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As the gap depends on the thickness of the TiO 2 film (cf. Tab. III) also the magnitude of the charge spill-out differs, compare Fig. 5 and Fig. 6 . However, the wrong alignment cannot be prevented even if an even number of TiO 2 layers is used for which the gap is slightly larger than for bulk. A more accurate modeling of the interface would require an improved approximation of the exchange correlation functional such as the hybrid functional B1-WC, 41 which is out of the scope of the present work. The use of a Hubbard term allows for a qualitative cross-check of the obtained results without the spurious band alignment. Indeed, the charge spill-out is reduced if U = 5 eV is applied to the Ti d-states previous to the optimization of the atomic structure while the main features of the DOS are not modified, see Fig. 6 . A more detailed discussion on the modification of the DOS is not convenient as the value of U has been determined for the deviating setup of clean reduced surfaces and is not necessarily transferable to the present setup. The hybrid states which have been discussed so far are localized at the interface and are not related to the spurious charge spill-out. Most notably, the description of the MIGs is in good agreement with experimental results, see Fig. 6 . First of all, interface states I appear at ∼ −0.8 eV and ∼ −1 eV below the Fermi level within the calculated DOS and the photoemission spectrum, respectively. Second, the interface states II are located directly above the valence band edge in both cases. In summary, the wrong band alignment and the related charge spill-out may modify the details of the atomic and electronic structure at the interface. However, the main qualitative trends are not affected.
V. INCREASING COVERAGE OF RUTILE (110) WITH IRON ATOMS
So far, the adsorption of single Fe atoms has been modeled which corresponds to a coverage of 0.1 ML of bulk Fe. The Fe-Fe distances employed suppress Fe-Fe interactions. Besides charge spill-out and localized MIGs (Fig. 6) , the insulating nature of the TiO 2 surface is conserved. If the coverage increases to 0.4 ML, i.e., one Fe per (1 × 1) surface unit, the Fe-Fe distances shrink to 2.9Å and 6.6Å along [001] and [110], respectively. The atomic and electronic structure for this coverage is illustrated for site 1 in Fig. 7 . Since the nearest Fe-Fe distance is approaching its bulk value in this case, Fe states hybridize with each other. The DOS peaks broaden and interface states I and II are spread over the main part of the gap, see the shaded region in 
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For example, Fe-O b states in the shaded region around −7 eV gain weight and a Fe-Ti 6c hybrid state builds up at ∼ −4.4 eV, see Fig. 7 (a)-(b) . The system gains energy by the formation or strengthening of hybrid states due to the adsorption of additional Fe and, hence, all states are shifted by ∼ 0.3 eV to lower energies. By this mechanism, an increasing fraction of the lowest Ti 5c states at the conduction band edge are occupied. Since the states in the central TiO 2 layer are not affected by this modified band alignment, see Fig. 7 (b) , no qualitative modifications of the interface properties due to the enhanced spill-out have to be expected. The further increase of coverage to 0.8 ML, i.e., two Fe atoms per surface unit, corresponds to a closed layer which is strained to the lattice constant of TiO 2 . In order to investigate this coverage, the crystallographic orientation TiO 2 (110)[110]/Fe(001)[010] is assumed which has been determined for Fe nanocrystals in a rutile matrix.
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Three representative local minima of the energy landscape are shown in Fig. 8 . 44 A homogeneous distribution of Fe is not favorable because of tensile strain of 16% acting along [110] and because Fe atoms reduce their [110]-distances. This relaxation is most pronounced for configuration (c) for which both adatoms have initially been deposited next to site 3 (Fig. 4) . Fig. 8 and relative energies in eV/(Fe atom). Further increase of coverage is modeled for a layer-wise growth as was predicted in 16. For this purpose, 3 and 5 strained layers are deposited above the surface which corresponds to 2.4 and 4 ML of bulk Fe, respectively. The interface configuration shown in Fig. 8 (c) has been used as starting point for both coverages and the structures obtained by relaxation are shown in Figure 9 (a)-(b) . Most notably, only two O b -Fe bonds per surface unit build up which possess a similar bond length as for 0.8 ML coverage. This means that an energy barrier exists for further interface bonds, if the first Fe layer is adsorbed in the metastable state which is shown in Fig. 8 (c) and which cannot be overcome optimizing the structure at T = 0 K. The tensile strain for three adsorbed layers in combination with the reduced coordination of the surface atoms leads to an inwards relaxation of the uppermost Fe layer and two buckled Fe layers form instead, compare Figure 9(a) . By this relaxation, each Fe atom obtains either three or four nearest Fe neighbors with a distance of d ∼ 2.3-2.6Å, i.e., in the range of the bulk distance (2.45Å). In addition, up to four next-nearest Fe-Fe bonds with d ∼ 2.7-2.8Å (bulk value 2.83Å) form. If the film thickness increases, the relaxation of the Fe layers is less pronounced as the ratio between surface atoms and bulklike coordinated atoms in the center of the film decreases and a rather flat film is stabilized, see Figure 9 (b). Besides the formation of strained films, one may think of films which are not congruent with the underlying lattice constant along [110] . For example, a superstructure with a ratio of 2:5 between the TiO 2 and Fe lattice constant would reduce the epitaxial strain and the mean Fe volume is compressed by only 1.3%. 46 The corresponding relaxed interfaces for 1 and 3 ML coverage are shown in Fig. 9(c-d) . In both cases, the adatoms have initially been placed above Ti 6c and next to O p atoms in order to circumvent the unfavorable trapping near O b atoms. During relaxation, the Fe-Fe distances shrink and at least one Fe-O bond is formed for each Fe with bond lengths in the range of 2Å for a coverage of 1 ML. The Fe-O interaction is reduced, i.e. the Fe-O distances increase if the Fe-Fe coordination is increased by a coverage of 3 ML. Nevertheless, flat films with good surface wetting are obtained. In summary, for an increasing coverage the interface structure depends on the adsorption of the first deposited atoms which shows the influence of different kinds of growth parameters on the interfaces in experiments. The formation of flat films with bcc-morphology is possible either by formation of strained films or by different lattice periods along [110] in rutile and Fe.
V.1. Adsorption of Fe clusters on rutile (110)
Complementary to the adsorption of single atoms, the case of clusters attached to the rutile surface is modeled in the following. For this purpose, the adsorption of Fe 13 and Fe 14 clusters on the clean TiO 2 surface has been investigated. In both cases, (2 × 3) surface units are used, in order to reduce the interaction between neighboring clusters as schematically shown in Fig. 10 . The ground state of free Fe 13 clusters is a Jahn-Teller distorted icosahedron with FM alignment of all magnetic moments. 47 If such a relaxed cluster is placed above the TiO 2 surface with its vertex pointing towards the rutile surface, two adsorption trends can be distinguished. If the vertex is initially positioned above the O p -Ti 5c region of the surface, the cluster aligns itself in between two O b rows and thus two strong Fe-O b bonds form at each side of the cluster (d ∼ 1.9Å) as shown Fig. 11(a) . For the second setup, the vertex of the cluster is initially placed near O b atoms, see Fig. 11 (d ∼ 1.9Å) form in case of configuration (a). In both cases, the icosahedral morphology of the cluster is conserved without a tendency for surface wetting. As the closed-shell Fe 13 icosahedron is particularly stable, a large energy barrier for the fracturing of such cluster has to be expected, which cannot be overcome in the simulations at zero temperature. In order to test whether this energy barrier or the intrinsic strength of Fe-Fe and Fe-TiO 2 bonds hampers surface wetting, the adsorption of cubic Fe 14 clusters with bcc morphology has been investigated. Free clusters of this geometry are not favorable because of the reduced coordination of Fe atoms in comparison with an icosahedral geometry and therefore the energy barrier for the redistribution of Fe may be overcome in T = 0 K simulations. As in the previous section, the crystallographic orientation TiO2 of the adsorbed Fe14 cluster ( Fig. 11(d) ). For comparison results for a flat film ( Fig. 9(a) ) and bulk Fe are given.
different distorted clusters with local icosahedron geometry. For configurations (f) and (g), the cluster is again trapped in the local energy minimum next to the O b atoms. Furthermore, the simulation cells for these configurations possess mirror symmetry, which is conserved during the relaxation. This leads to a minor Fe-substrate interaction. Although, the used conjugate gradient method does not reproduce the time-evolution of the system, the unique relaxation trends underline that Fe-O interaction is the driving force for Fe adsorption. In particular, the low wetting tendency for an unfavorable cluster geometry shows that the formation of dense clusters is energetically more favorable than the formation of further Fe-Ti or Fe-O bonds. Thus, a threedimensional growth mode is likely, if clusters instead of single Fe atoms are deposited onto the surface. The DOS of the adsorbed Fe 14 cluster agrees qualitatively with the electronic structure discussed in Sec. IV, see Fig. 12 . On the one hand, the lowest conduction band states are occupied in the entire film because of the charge spill-out. On the other hand, localized MIGs are induced in the shaded energy interval, see Fig. 12(b) . In comparison with the adsorption of single atoms, these interface states are broadened to a "defect" band which fills the gap and the energy intervals of MIGs I and II overlap. Due to the compact cluster which is formed by relaxation, the Fe DOS is more similar to the bulk DOS as in case of flat films and bulk like bands form, especially for the central atom of the Fe cluster. However, no pronounced Fermi edge exists in agreement with experiment. (Fig. 9(b) ) and in a deposited Fe14 cluster (Fig. 11(b) ) on rutile (110) in comparison to the spin-polarization of bulk Fe.
VI. MAGNETIC PROPERTIES AND MAGNETO-ELECTRICAL COUPLING OF RUTILE (110)/ IRON
The adsorption of Fe on the rutile surface incorporates the spin degree of freedom and new functionalities may be thought of. Table IV lists the magnetic moments for single adsorbed atoms. For all adsorption sites the magnetic moment is reduced compared to the value of the free atom (4 µ B ). For positions 1-6, the Fe-TiO 2 interaction reduces the Fe moments by ∼ 20% whereas the weak bonding in case of position 7 results in a reduction of only 10%. Most notably, all Fe moments are larger than the bulk value of of 2.2 µ B . If the Fe coverage increases to 0.4 ML, 0.8 ML, 2.4 ML, and 4 ML in a layer-wise growth mode, mean magnetic moments of 3.0, 2.9, 2.8, and 2.7 µ B are obtained in the simulations, i.e. the magnetic moments slowly converge towards the bulk value.
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For adsorbed Fe 13 and Fe 14 clusters, the interface atoms without strong interface bonds possess magnetic moments of 2.9 µ B similar to the moments of 3.1 and 2.8 obtained for the free Fe 13 cluster in its high-and low spin state, respectively. 50 The moments of the central atoms are reduced with respect to the high-spin phase of the free cluster (2.8 µ B 50 ) and the low-spin state with an antiferromagnetic alignment of the central atom is not stable for adsorbed Fe 14 clusters. If strong Fe-O and Fe-Ti 5c bonds form the corresponding magnetic moments are reduced whereas the moments are not modified in case of weak interface bonds, see Fig. 11 . An exception is the ideal icosahedron (g) for which the large oxygen coordination of the vertex atom results in an anti-ferromagnetic alignment of this atom. In summary, the magnetic moment of Fe is stable in the vicinity of the TiO 2 surface which is essential for spintronics applications. Experimentally, a magneto-electrical (ME) coupling has been determined for TiO 2 -Fe composites.
51 Such coupling can be mediated by interface hybridization 21 or spin-accumulation. 52 The discussed pathologic band alignment and the resulting charge spill-out forbid a quantitative estimation of the coupling in the present investigation. 41 However, a spin-polarization at the Fermi level of 57% is obtained in bulk Fe, 53 which is most likely sufficient for a spin-accumulation during the screening of the interface charge which would appear under an applied electrical field. Figure 13 illustrates the calculated spin-polarization of the composite material. At the Fermi level, the polarization is reversed with respect to the bulk material and a large polarization of -90% is obtained, which would allow for spin accumulation at the interface.
Complementary to the expected charge transfer and spinaccumulation, a significant ME coupling can be expected because of the magnetic properties of the Fe-TiO 2 hybrid states analogously to the discussion of BaTiO 3 /Fe in Ref. 21 . Besides the modification of the Fe moments at the interface, magnetic moments are induced in the TiO 2 film as both the spurious free charges and the MIGs at the interface are spin-polarized, compare Figs. 6-7 and Tab. IV. As the lowest Ti 5c d-states align with the minority Fe states, small magnetic moments are thus induced at the Ti 5c atoms in the whole film, which are antiparallel to the Fe moments. Fig. 7 . However, the separation of the magnetization up to −0.4 eV is still a good approximation for position 1, as the surface states in this energy interval decay rapidly with the interface distance. In this energy interval magnetic moments of 0.16,−0.25, and 0.07 µ B are induced at O b , Ti 6c , and O p atoms, respectively. The induced moments in the TiO 2 film are increased as more polarized interface states are occupied, cf. the induced moments for 0.1 ML coverage in Tab. IV. In summary, magnetic moments are induced by the interface bonds, which are sensitive to the Fe-Ti and Fe-O distances and thus a similar ME-coupling as in BaTiO 3 /Fe can be expected. For a more quantitative analysis of the ME-coupling strength, accurate hybrid functionals and finite electrical fields must be considered in further cal-culations.
VII. CONCLUSIONS AND OUTLOOK
We have investigated the adsorption of Fe on the rutile (110)-surface by means of ab inito calculations. First, the properties of the free rutile (110)-surface have been reviewed. We could show that the slow convergence of the surface properties with the film thickness can be improved if the bottom layers are fixed to their bulk position. Already for a film thickness of three layers the atomic and electronic structure of the direct surface is mainly converged. Our investigation of the adsorption of single Fe atoms shows that mainly ionic Fe-interface bonds form. The adsorption next to the topmost bridging O atoms is found most favorable as this atom has an enhanced electronegativity at the free surface. The Fe-O bonds mediate a charge transfer to the neighboring surface Ti atoms which are partly reduced. By the formation of Fe-Ti and Fe-O hybrid states, the band gap is reduced which is favorable for photocathalytic applications. The comparative study of the interface structure for different start configurations and different amount of deposited Fe confirms the wide spread of experimentally found interface structures. On the one hand, a large interface coupling and good surface wetting can be obtained if single Fe atoms are deposited. For this setup we found short Fe-interface bonds with a large charge transfer from the Fe atom into the surface. On the other hand, Fe-Fe bonds reduce the interface coupling for deposited clusters resulting in a low surface wetting and a three-dimensional interface structure. Furthermore the interface structure depends on the adsorption of the first atoms which reflects the influence of the experimental growth process. Besides the structural and electronic properties, we also discussed the magnetic properties of the interface. We found stable magnetic Fe moments and a large spin polarization of the adsorped Fe atoms. In addition magnetic moments are induced at the Ti and O atoms in the interface. Most notably, the magnetic interface moments depend on the actual interface geometry and thus a hybridization mediated magneto-electrical coupling is very likely. However, more sophisticated approximations for the exchange and correlation potential such as hybrid functionals have to be used in the future in order to obtain the correct electronic gap. In this case a quantitive estimation of the photocathalytic properties and the magnetoelectric coupling will be possible. 
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